I. INTRODUCTION
Resonance detection methods have been used extensively to examine the magnetisation dynamics in ferromagnetic and ferrimagnetic systems since the effect's discovery in the late 1940s. 1, 2 The most commonly used methods for characterising ferromagnetic resonance (FMR) rely on either resonant cavity or microstrip-based inductive detection of the reflected signals that originate from subjecting the material to an external microwave field and inferring the resonant absorption by comparing the incident and reflected signals. These standard techniques for the measurement of FMR do not provide for the direct and absolute extraction of the precession cone angle. Quantitative information for the strength of the resonance is rather difficult to obtain. Recently there has been a renewed interest in high-frequency FMR and materials suitable for operation in the bands beyond 10 GHz. As such, non-inductive techniques have emerged in the field, most notably FMR force microscopy (FMRFM), 3, 4 X-ray magnetic circular dichroism (XMCD) detection, 5 and optically based methods, such as magneto-optic Kerr effect (MOKE). 6, 7 In this paper, a method of detecting FMR by directly measuring the change in the longitudinal component of the magnetisation ∆m z when a material is in resonance, using SQUID magnetometry, is demonstrated. Such measurements have only been made previously using MOKE-based techniques 8 for FMR detection. While longitudinal SQUID-based a) Electronic mail: oreillj5@tcd.ie b) Electronic mail: stamenop@tcd.ie detection has been applied before to the NMR case, 9 there are specific differences associated primarily with the much higher resonance frequencies, much shorter decay times, and much stronger coupling to the measurement system in the case of FMR. Here the FM material is considered as a macro-spin system, as in Fig. 1 , where the length of the magnetisation vector, which is nominally saturated along the z direction m z , remains constant. As the system is excited at its resonance frequency, it will absorb microwave excitation power and the precession cone will open. Opening of the precession cone leads to lowering of the m z projection of the magnetic moment, which is approximately quadratic as a function of the cone opening as inferred from the cosine expansion at small angles. Using a widely available commercial SQUID magnetometer (Quantum Design magnetic property measurement system MPMS ® 5XL 10 ), we can simultaneously obtain absolute measures of m z , ∆m z , and the absorbed power and can subsequently gain a quantitative insight into the precession cone angle of the sample (material studied) and its dependence on the amount of resonantly absorbed power.
Supplementary to this, we demonstrate magnetic resonance detection by monitoring ∆m z as a function of changing temperature caused by absorption of microwave power (heating), using SQUID magnetometry. Here, the strong interaction with a modulated high-frequency signal which leads to precession cone opening has the added effect of periodic heating, which is especially pronounced at resonance. This oscillatory heating induces changes in m z , which are directly observed in the SQUID output signal. This thermal detection, while not inherently absolute, exhibits excellent sensitivity and resolution, especially at low temperatures. This work will discuss the application of the aforementioned techniques in analysing the magnetisation dynamics in probably the most prototypical ferrimagnetic insulator, yttrium-iron garnet (Y 3 Fe 5 O 12 -YIG). YIG, due to its unique magnetic and thermal properties: very narrow resonancelinewidth, low spin-damping at microwave frequencies, and high T c ≈ 560 K, has been the basis of most insulatorbased radio frequency and microwave devices and the standard test material for novel resonance phenomena in spintronics (i.e., spin pumping). [11] [12] [13] [14] [15] YIG has a complex crystal structure with 80 atoms per unit cell, consisting of four formula units of Y 3 Fe 2 3+ Fe 3 3+ O 12 2− per unit cell. The Fe atoms occupy two crystallographic positions, 16 a-sites octahedrally coordinated by oxygen, and 24 d-sites tetrahedrally coordinated by oxygen, with an unbalanced, trivalent Fe atom giving rise to a net spontaneous magnetisation. 16 In the microwave regime, YIG is typically described using a two-sublattice approximation and the resonant energy absorption by the macroscopic magnetisation is then interpreted using Kittel's theory for ferromagnetic resonance. 17 Despite its profuse industrial applications, much is still to be understood about the details of magnetisation dynamics at low temperatures as YIG's magnonic spectra are shown to have 20 distinct magnon branches, which are not all necessarily in phase with each other. [18] [19] [20] [21] This study characterizes the gyroscopic properties of both bulk poly-and single-crystalline yttrium iron garnet, as an illustration of the capabilities of the newly developed SQUID-FMR (SFMR). Figure 2 shows the design of the resonator consisting of a stainless steel coaxial cable for connecting to the swept frequency source and the FR4 (woven fibreglass and epoxy resin)-based microstrip transmission line shorted with a 50 Ω load resistance (0.5 mm in size), encased in a thin walled copper shielding. The adjusted 50 Ω termination minimizes the amplitude of the back-reflected wave at essentially all frequencies used, leaving only a small amplitude standing wave, the nodes of which vary in spatial position as a function of frequency. The sample can be positioned in the central (40 mm-long) region of the microstrip. Since the sample position is typically fixed during measurements, the small amplitude standing waves would project maximal B-field intensity only at a certain comb of frequencies. The z-axis profile of the B-field distribution above the microstrip is essentially cosine in nature, with its zeroth node located at the 50 Ω terminator. The majority of microwave loss is incurred within the cryogenic coaxial line, with about 3 dB of loss at 1 GHz and 30 dB of loss at 18 GHz. A further 0.5 dB of loss is incurred in the microstrip at 1 GHz, further increasing to 5 dB at 18 GHz. The overall loss, at 18 GHz, to the termination point is 35 dB. This can be substantially improved upon by substituting the cryogenic coaxial line, with a low-loss alternative; however, this can only be done on expense of a substantial increment in the z-axis heat loss, particularly important for low-temperature measurements.
II. EXPERIMENTAL
Two venting holes are positioned at the end of the shield, perpendicular to one another (the vertical one being blind). These serve the sole purpose of preventing implosion of the shielding during pump-down and have no particular microwave functionality as are located a couple of millimetres below the 50 Ω termination of the microstrip. The 90 • angle creates a maximum in reflection, ensuring that stray microwave field from the microstrip will not interfere with the flux-locked SQUID loop. The rectangular prism of bulk, polycrystalline YIG (dimensions: 2.5 × 1.6 × 0.7 mm) or polished single crystal YIG sphere (D = 300 µm), is mounted (using varnish) adjacent to the signal plane of the transmission line, where the external RF magnetic field is at a maximum. The sample assembly is placed in the centre of the sensing coils (four-turn z-axis gradiometer; see Fig. 2 ), which are inductively coupled to the RF SQUID within the cryogenic, vacuum environment of the superconducting magnet system.
The total z-axis magnetic moment projection is measured, as usual, by translating the sample vertically around the central position and processing the dependence of the coupled flux on distance. This component can be large and is processed using the lowest gain ranges of the SQUID amplifier. The moment typically is on the order of several mAm 2 . With the superconducting magnet in persistence mode and after a delay determined by a number of different physical factors (eddy current dissipation, on the scale of tens to hundreds of milliseconds, superconducting flux creep on the scale of seconds to minutes, to mention but a few), the superconducting transformer to the SQUID washer is quenched. The very large coupled flux is thereafter no longer measured. For the normal M z measurements, the SQUID is typically operated within much less than 1 Φ 0 of coupled flux (the response being flux-periodic, modulo Φ 0 ). It is essentially impossible to measure changes in moment corresponding to 10 6 of Φ 0 , while using the flux-locked loop. Once the coupled flux is known within 1 Φ 0 , a momentary quenching of the coupling transformer ensures that no super-current is flowing through the pick-up assembly and that only relative changes in flux (as a function of temperature, microwave absorption, etc.) are measured. Since the change in flux to change of sample moment ratio is well known (calibrated) for all gain ranges, the change in moment, relative to the total M z , can be directly inferred. At this stage (while staying within 1 Φ 0 ), coupled fluxes of the order of 10 4 Φ 0 and below can be readily detected. It is at this point when the SQUID-FMR measurements begin. The above settling algorithm slows substantially down measurements of field dependences allowing for about one spectrum to be acquired every three to five minutes. Within this obligatory delay, other measurements can be readily performed, including DC magnetometry, low-frequency AC susceptibility, and recoil relaxometry. Measurements requiring the evolution of temperature at fixed field are much less restrictive and can often be performed "on the fly." A typical noise floor for such a detection system is below 3 nAm 2 with a time constant of the order of 1 s. In measurement strategies where amplitude chopping or frequency modulation is utilised, the modulation frequency can be varied in the 1 mHz to 20 kHz range. This allows for at least two different measurement strategies, one athermal and one thermal as detailed later.
III. RESULTS AND DISCUSSION
The experimental setup may be operated as a conventional broadband (100 MHz-20 GHz) single-port vector network analyser (VNA)-FMR spectrum analyser, where FMR spectra can be obtained over a broad range of static fields and experimental temperatures. The unprocessed output signal appears as a complex series of peaks in the cumulative reflected amplitude, as shown in Fig. 3 for the polycrystalline sample, where the signal-to-noise ratio largely depends on the filtering and sampler used. In order to process the FMR signal, one must account for reflections due to discontinuities within the experimental apparatus. Modeling of the reflected signals' amplitude and phase is possible using transmission line theory, as seen in Figs. 3(a) and 3(b). However, modeling of all reflections within the experimental setup is not a trivial task due to the dispersive nature of the materials, FR4 and Polytetrafluoroethylene (PTFE) at high frequencies.
If the setup were to be sufficiently compartmentalised, the reflections originating from each module could be calibrated (and de-embedded) and theoretically one could provide a more accurate model for all reflections, but this is beyond the scope of this work. At low frequencies, where good signal-to-noise ratios can be readily achieved, resonances can be simply tracked by subtracting a spectrum measured at remanence either in a multi-domain state or in complete saturation at fields large enough to place the resonance frequency of the lowest magnetostatic mode at frequencies way beyond the Nyquist threshold and the front end filter cutoff of the VNA. This process is illustrated in Fig. 4 . The exacerbated broadening at very low fields is attributed to the large distribution of internal demagnetising fields in the specimen below magnetisation saturation. The line shape at fields below 25 mT is not purely Lorentzian but rather a Gaussian convoluted Lorentzian, well fitted by a pseudo-Voigt function. The broadband (100 MHz-10 GHZ) FMR signals for the cuboid, shown in Fig. 5 , are extracted from the unprocessed data by subtracting off-resonance background spectra and the fieldindependent peaks in the reflected amplitude, a process much more difficult at high frequencies.
The resonant frequency (f res ) is indicated by a sharp increase in the reflected amplitude which shifts to higher frequencies with increasing applied field, in agreement with Kittel's equation for ferromagnetic resonance. 17 and lower frequency modes are shown to have demagnetising fields of 110 mT and 100 mT, respectively, and correspond to the two different demagnetizing directions x and y. The gyromagnetic ratio γ is measured as 27.8(3) GHz/T. Figure 7 shows tracing of the VNA-FMR resonance spectra with an applied magnetic field ranging from 70 mT to 450 mT for low temperature (a) 5 K and room temperature (b) 300 K for a 300 µm diameter YIG sphere. Once again, enhancement, broadening, or splitting of the FMR spectra is observed at frequencies where there is strong coupling of the sphere's FMR mode with the electrostatic modes of the microstrip. The FMR spectra can be detected up to 14 GHz, beyond which the signals are greatly diminished, primarily due to the loss of microwave power reaching the sample, through the cryogenic coaxial line. A characteristic Lorentzian line shape (pseudo-Voigt shape parameter above 0.9, out of unity) is observed for the range of applied fields. This is, unsurprisingly, much narrower than the one for the polycrystalline specimen, as in Fig. 5 . Additional Gaussian inhomogeneity broadening is clearly present for the polycrystalline cuboid, as well established in the literature. 22 No resonance could be observed for the single crystalline sphere at fields below 70 mT, which would be required for the analysis of the line shape below saturation and direct comparison of line shapes (in this regime) with polycrystals. Figure 8 examines two resonant peaks for the YIG sphere obtained in a 150 mT excitation field at 5 K and 300 K. A shift in the resonance peak to a higher frequency is observed with decreasing temperature. Lateral broadening of the resonance peak is also observed. At 300 K, the linewidth is measured as 8 MHz, which increases over fivefold to 44 MHz at low temperatures. This temperature dependent linewidth broadening for polished spheres of single crystal YIG was first reported by Dillon in 1956. 23, 24 This he attributed to the increase in the first order magnetocrystalline anisotropy constant K 1 M S , with decreasing temperature.
The dependence of the resonant frequency on the perpendicularly applied magnetic field is shown for 5 K and 300 K in Fig. 9 . Linearity indicates that Kittel's resonance condition also holds true for the ferrimagnetic sphere at both temperatures. The gyroscopic ratio, as measured from the slope, is given by 27.7(4) GHz/T at 300 K and 27.82(9) GHz/T at 5 K, which is within the experimental error of the standard value of 28 GHz/T. It is worth noting that in comparison to the polycrystalline rectangular cuboid (seen in Fig. 5 ) the demagnetising fields are substantially reduced. 
A. SQUID detection: ∆m z athermal regime detection
To reduce the 1/f noise and narrowband the measured output signal, the GHz excitation signal provided by the 100 MHz-20 GHz signal generator is chopped. The microwave pulses (wave-trains) have 50% duty cycle for all presented experiments. A shorter duty cycle has the effect of lowering the detected amplitude essentially linearly in the vicinity of 50%. Very short duty cycles lead to unnecessary spectral broadening (as of their much wider spectral bandwidth) and are only useful to minimize the integral heat-load on the sample and the 50 Ω terminator. The frequency of chopping dictates the operating regime of the measurement. At a chopping frequency of 1 kHz, resonant absorption is in the athermal regime, where the change in the lock-in demodulated and processed SQUID output voltage is directly proportional to the change in the z projection of the macro-spin. Figure 10 shows the dependence of the SQUID output voltage on the input power for both the poly-and single-crystalline specimens, when excited at 5 GHz in a 120 mT field and 2.7 GHz and 100 mT, respectively. The relation on a linear scale is shown to be quadratic, as expected from the cosine expansion at small angles.
In a static longitudinal magnetic field, the frequency is swept and resonance is indicated by a sharp increase in the SQUID output voltage. Figure 11 displays a sample SQUID resonance spectrum obtained for the polycrystal in a nominal 50 mT applied magnetic field. The spectrum indicates a primary peak in the resonance absorption at 3.02 GHz followed by a secondary weaker peak at 3.25 GHz. Figure 12 compares the SQUID detected resonance frequency of the primary resonant mode with the VNA obtained f res as a function of the applied field. Excellent agreement is shown between the two FMR detection methods and the linear high-bias field regime of Kittel dynamics. 17 The gyromagnetic ratio γ and demagnetising field are shown to be 27.4(2) GHz/T and 61.9 mT, respectively.
To compare the VNA and SQUID-detected resonance in the single-crystal sphere, two resonant peaks in a static 150 mT field at 300 K are closely examined in Fig. 13 . The characteristic sharp Lorentzian profile is observed, with the FWHM of the VNA-detected spectra measured as 11 MHz. The SQUID detected method measures a much sharper resonance linewidth of just 4 MHz. This is attributed to the intermediate frequency filtering within the VNA itself. The linewidth, in the case of SQUID-detection, is limited by the chopping or modulation frequency or, if that is sufficiently low, by the fundamental broadening for the sample. In the case of single-crystalline YIG spheres, this has been shown to be related to the quality of the surface polishing. 25 Figure 14 shows the correlation between the SQUID-detected resonant frequency and the applied magnetic field, which displays good agreement with the 300 K VNA-FMR scan in Fig. 9 . The gyromagnetic ratio is determined to be 28.2(4) GHz/T.
B. SQUID detection: Thermal regime detection
At low chopping frequency (<50 Hz), FM resonant absorption generates oscillatory thermal waves, which induce lowering of the macro-spin's projection along the z-axis. Here, we take a macroscopic view of heat-wave propagation across the structure, with the typical frequencies of excited waves ranging from mHz to several tens of kHz. The corresponding wavelengths would be on the order of µm to several centimetres, depending on the thermal conductance and heat capacitance of the various materials involved (sample, support structure-microstrip, varnish, etc.). These are not the shortwavelength phonons of YIG and are not explicitly quantized, but rather possess a very smooth continuous spectrum and wavelength dispersion. The sample would essentially never be uniformly heated by the precession losses. The dissipation (heat source distribution) would vary spatially, depending on the macroscopic magnetostatic modes excited (i.e., would be substantially smaller at the modes' nodes), while the heat sinking is typically also rather non-uniform, with the majority of it provided by Newtonian heat conduction to the microstrip structure and ultimately to the thermal bath. A substantially lower thermal conductivity is effected by gaseous convection (for the relatively low pressures or residual helium in the sample space, pressures are typically 10 2 mbar or lower) and by IR emission, which only becomes important at high temperatures (as it varies as ≈T 4 ). The dynamic thermal gradients across the sample can be substantial and at high microwave powers can reach several K/mm. In this regime, detection of dm z /dT is demonstrated. Figure 15 shows a direct comparison between resonance spectra obtained in the athermal and thermal regimes at different experimental temperatures (4 K-400 K) for the polycrystalline sample. In the thermal regime, the SQUID output voltage is shown to be substantially larger, especially at lower temperatures. Figure 16(a) shows the thermal conductivity σ of bulk YIG with varying temperature, which displays a clear maximum at 20 K. In this regime, the heat capacity c shown in Fig. 16(b) has a prominent role in the resonant excitation and governs the SQUID output voltage. Values of both σ and c are obtained from a number of sources [26] [27] [28] and are interpolated ( β-splined) together to form a complete picture of the thermal properties as a function of changing temperature. The thermal time constant, defined as τ = cρ YIG /σA, where ρ YIG = 5.11 × 10 3 kg/m 3 and A is the surface area of the rectangular prism of YIG, is dominated by the heat capacity and tends to zero at low temperatures as is shown in Fig. 17 . If the thermal coupling of the sample to the SQUID heat bath is considered as an equivalent RLC circuit, as in Fig. 18(b) , the thermal impedance of the system can be effectively simulated. Accounting for this impedance and the fit to the magnetisation curve seen in the inset of Fig. 19 , the material dependent dm z /dT can be modeled, as seen in Fig. 18(a) . Figure 19 shows the variation of resonance frequency with temperature in a static 50 mT magnetic field. Both regimes show the resonance frequency plateauing below a critical temperature (T = 160 K). The phase shift between the lock-in demodulated voltage and the "chopped" input signal at low temperatures, shown in Fig. 20 , suggests a transition between the athermal and thermal excitation regimes. The behaviour of the thermal system is essentially one of a conventional low-pass filter; the theoretical limit for the phase shift is 90 • . In the limit of long thermal time constants, on the order of seconds to several seconds, which is the case for weakly coupled samples of millimetric dimensions, close to room temperature, the thermal time constant can be measured by the conventional pulsed method, i.e., by abruptly switching on and off the microwave excitation and tracking the heat up and cool down exponents. Such an approach is illustrated by the raw SQUID signals visualized on the inset of Fig. 23 . The same approach becomes impractical for thermal time constants shorter than 100 ms, at which point an AC de-phasing approach becomes more practical. It is, in principle, possible to mount millimetre and sub-millimetre samples on a thin wire (25 µm diameter, gold-plated tungsten) symmetric line (Twinax ® ) assembly, in order to perform absolute calorimetry. Such additional functionality goes beyond the scope of this manuscript.
C. SQUID detection: Thermal regime continuous wave resonant absorption
As displayed in Fig. 21 , continuous wave (CW) excitation with thermal detection is achievable. Absorption spectra are obtained by the direct digitization of the output voltage as the sample is subjected to a continuous swept frequency excitation. This, of course, results in a quasi-static non-uniform temperature distribution (thermal gradient) across the sample and underlying structure, which varies in time on the scale of the duration of the frequency span (of the order of minutes). Figure 22 shows a colour map of the resonant modes at varying temperatures. In agreement with Fig. 6 , two primary absorption modes, converging at very low and high temperatures, are displayed. Once again we see strong coupling of the FM resonant modes and electrostatic modes of the microstrip transmission line at specific frequencies. Figure 23 shows a typical thermal SQUID-FMR absorption curve for the single-crystal YIG sphere at 25 K, again obtained by direct oscilloscope digitization of the SQUID voltage.
The level of thermal coupling between the sample and the cryostat's isothermal shield ultimately determines the rate at which the excitation frequency can be swept. At very low sweep rates, comparable with the characteristic time-constant of the proportional integral derivative (PID) temperature controller, the back action of the same leads to line shape distortion and significant attenuation of the amplitude of the detected signal. Moreover, the conventional strategy of using different optimised PID values at different temperatures makes it much more tractable to analyze the behaviour of small samples of low heat capacity or when τ sample << τ cryostat . As this version of the technique does not require amplitude (chopping) or frequency modulation, the ultimate frequency resolution can be much higher and even allow for the measurement of paramagnetic resonance.
The temperature dependence of the thermally detected resonant frequency for the YIG sphere is shown in Fig. 24 . The signal is again strongest at low temperature, where the thermal time constant tends to zero and resonant signals are measurable at temperatures down to 5 K, limited by the power dissipation at the 50 Ω termination resistor and the amount of available cooling power. Above 100 K, as τ becomes significant (see Fig. 17 ), linewidth broadening becomes especially pronounced. The inhomogeneity of the RF excitation excites 24 . The shift in the resonant frequency with changing temperature for the single-crystal sphere is less pronounced than that observed for the bulk polycrystalline piece as shown in Fig. 22 . In addition to the primary [1 1] mode, two magnetostatic modes are identified [2 2] and [3 3] . It could be noted that a much weaker mode is seen at higher frequencies, which may be identified as the [2 1] mode.
higher-order non-uniform resonant modes, the strongest of which are indexed as [1 1], [2 2], and [3 3 ]. 13, 29, 30 The shift in the resonant frequency of the [1 1] mode with increasing temperature is shown to be much less dispersive than that observed for the polycrystal (Fig. 22 ) and also less dispersive than the higher modes. This is likely due to the higher contribution of surface anisotropy to the resonance conditions for the higher modes. As anisotropy tends to gap the dispersion relations of the magnetostatic modes, their population intensities tend to drop correspondingly, at low temperatures.
The FR4 actually provides some advantages in the thermal detection regime. At low temperatures, the additional change in moment and susceptibility of the paramagnetic impurities in the board of the microstrip (which itself can be thermally well anchored to the sample) actually improves sensitivity. This is due to the hyperbolic divergence of the susceptibility of these impurities, at low temperature. A small change in temperature of the region of the microstrip (in vicinity of the sample) due to the sample's resonant absorption produces a large change in the overall magnetic moment and the corresponding flux coupled to the SQUID gradiometer. This strongly suggests that an alternative approach to sensitivity improvement would be to immerse the sample in a "cocoon" of an "ideal" paramagnetic salt such as Mohr's salt or ammonium iron (iii) sulphate dodecahydrate (ferric ammonium alum-FAA). Of course, such an approach is only really beneficial at temperatures below a few K, for an applied field of µ 0 H ∼ T.
IV. SUMMARY
In summary, the design and operation of a contactless SQUID-based FMR detection system, capable of operating in a broad range of experimental temperatures, is reported. SQUID-FMR detection has higher absolute sensitivity than conventional cavity or stripline methods with the added advantage of gaining a qualitative insight into the precession dynamics. In addition to SQUID-detection, conventional VNA-FMR detection is possible and the two methods are complimentary. This module has been constructed to fit the sample space of a Quantum Design magnetic property measurement system MPMS XL 10 but is compatible with most commercial SQUID magnetometer systems. By chopping the external microwave excitation at different frequencies, the system may be operated in two regimes, thermal and athermal, which give absolute values of ∆m z and dm z /dT, respectively, as the material is driven at its resonance frequency. Figure 25 shows the SQUID output voltage as a function of the chopping frequency applied to the GHz excitation for the polycrystalline cuboid. At low frequency (<50 Hz), resonant absorption generates oscillatory thermal waves which alter the projection of m z . Between 50 Hz and 2 kHz measurement is stable and allows for direct detection of ∆m z . Above 100 kHz, the slew-rate of the SQUID-system is exceeded and the SQUID no longer remains flux-locked. For each material and sample geometry, the cutoff chopping frequency for each regime will shift. Figure 26 defines the operation regimes for the single-crystal sphere. The transition between the thermal and athermal regimes of detection is shifted towards lower frequencies in this case, on account of the worse thermal coupling between the sample and the microstrip carrier which is limited by the geometrical area of contact provided by the mounting varnish.
The operation of the SQUID-FMR module has been successfully used to observe the magnetisation dynamics of two resonant modes in a rectangular piece of bulk Y 3 Fe 5 O 12 with varying magnetic field and temperature. Potentially, all three detection strategies demonstrated could be combined (in realtime) with DC and AC magnetisation measurements, dramatically expanding the amount of sample characterisation data and allowing for the quantitative discrimination between dissipative and dispersive resonant and non-resonant effects. The instrumentation is presently limited to the characterisation of bulk materials with low damping in the microwave region. In order to gain the additional ability to characterise thin films, random/templated nano-structures, or metallic systems, the power of the excitation would need to be increased, but it is currently limited by the fact that the signal generator is operated in a single-port configuration and the power is dissipated at the 50 Ω termination at the end of the microstrip. As such, increasing the power would lead to an increase in the residual heating within the sample space, which may be detrimental during low temperature measurements. A second transmission line can, in-principle, be used to enable the dissipation of much higher microwave power externally to the sample environment. This would enable the measurement of ferromagnetic resonance at very high excitation power (in excess of tens or even hundreds of watts) and access to very non-linear dynamics, at large precession angles. The same is important, for example, for the definition of the fundamental limits of intermodulation distortion in critical high-performance microwave devices, such as filters and stripline circulators. In addition to this, magnetically clean dielectric materials (alumina, quartz, etc.) will be investigated as alternatives to the FR4 for absolute FMR detection.
The strategies discussed can be generalised to vacuum cavity waveguides in order to access higher frequencies (>20 GHz) that are otherwise inaccessible. For frequencies in the range of 20 GHz-50 GHz, this can be done in sets of shorted discrete frequency cavities and beyond 50 GHz it would even be possible to use a return track geometry. Provided the power can be delivered to and absorbed by the sample, FMR, EPR, and high-field-NMR can all be detected using SQUID-based techniques.
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